Biofouling on deployed in-situ sensors without regular removal or cleaning can disrupt sensor data collected. The current replacement antifouling (AF) materials under development are largely unsuited to sensor technologies as they have been developed with large scale applications in mind, such as those required by the shipping industry. Therefore, a strategy for the development of novel, sustainable, antifouling materials for sensor applications is required. Bio-inspiration refers to adapting strategies already developed in the natural world to problems encountered in modern science and technology. Engineered surfaces capable of controlling cellular behaviour under natural conditions are challenging to design due to the diversity of attaching cell types in environments such as marine waters, where many variations in cell shape, size and adhesion strategy exist. Nevertheless, understanding interactions between a cell and a potential substrate for adhesion, including topographically driven settlement cues, offers a route to designing surfaces capable of controlling cell settlement. Biomimetic design of artificial surfaces, based upon microscale features from natural surfaces, can be utilized as model surfaces to understand cell-surface interactions. In this study it was hypothesized that an AF effect could be induced through the replication of a synthetic surface. In this paper, the potential of biomimetic antifouling materials for application in the environment is discussed. We outline strategies for the identification and production of novel biomimetic antifouling approaches and discuss the pitfalls of developing antifouling materials based on biomimetic design.
I. INTRODUCTION
Biomimetics is the research area which emphases on the use and imitation of principles copied from nature to develop and produce nanomaterials and nanodevices. To date, this occurrence has been prevented by the application of biocidal coatings, many of which are harmful to the aquatic environment and which have now been legislatively controlled [1] , [2] .
Engineered surfaces capable of controlling cellular behaviour under natural conditions are challenging to design due to the diversity of attaching cell types in environments such as marine waters, where many variations in cell shape, size and adhesion strategy exist [3] . Until now, biomimetics has found interest across many commercial disciplines [4] . Among many biological objects and their functions, aquatic animals deserve a special mention due to their antimicrobial capabilities resulting from chemical composition, surface topography or other behavioural defences, which can be used as an inspiration for antifouling technology. These include attempts of characterization of nano and micro surface topography such as the surface topography of dolphin [5] , shark [6] - [9] , catfish [10] , decapod crab [11] [12] , shrimp [13] , mussels [14] or lobster [15] . After more than a decade of searching for a rational green method that reduces or prevents microbial attachment and colonization, it becomes increasingly known that topographic cues affect biofouling. Therefore, with the possibility of highresolution manufacture techniques, the capacity to regulate nano and micro surface features provides a favourable research area for non-toxic antifouling solutions.
Biofouling is the process by which organic matter accumulates on surfaces. Biofouling is evident in the marine environment, where we observe the growth of fouling species on natural surfaces such as rocks, but also on engineered structures such as ship hulls, sensors, AUVs and buoys. Whilst the biofouling of natural surfaces is innocuous, it has serious implications when it occurs on engineered surfaces, particularly those that move through the water, such as ship hulls [16] and those that may be used for ocean monitoring such as optical sensors [17] . The increased surface roughness due to heavy fouling on the hull of a ship can result in powering penalties of up to 86%. These penalties are present in even lightly fouled ships, for example a hull fouled with diatom 'slime' can experience a 10-16% penalty [18] .
Bioinspiration has huge potential for providing new AF technologies. By looking to nature, which has had billions of years of evolution to solve the fouling problem, scientists can gain insight into what common features exists on naturally nonfouling species, and then replicate (bio-mimic) or modify these features to produce synthetic analogues for commercial use [19] .
It has been observed that many species of marine organisms are not prone to fouling by other species [19] . The surfaces of many marine animals such as mollusc shells, shark skin and crustaceans feature intricate topography. It has been suggested that these topographies have a role in antifouling either by discouraging organisms from attaching or promoting their easier release [20] . It can also be said that these marine organisms have evolved to present physical, behavioural and chemical mechanisms that exhibit these antifouling properties [2] . In that respect the mechanisms used by marine organisms to prevent fouling on external surfaces are of huge interest to researchers of antifouling technology.
Scophthalmus rhombus (Brill) is a small flatfish occurring in marine waters of the Mediterranean as well as in Norway and Iceland. It inhabits sandy and muddy coastal waters from 5 to 80 metres. Its skin changes colour depending on the environment but is generally brownish with light and dark freckles and a creamy underside. S. rhombus is oval in shape and its flesh is white [21] , [22] . In this study, the micro topography of the brill scale is characterized for the first time which may serve as a trend for the design of a marine inspired biomimetic surface texture. Natural dermal scales of S. rhombus are artificially replicated using 3-D printing and mould casting technologies.
The replication methods are then tested for initial colonization of fouling species using 3 hr immersion testing using diatom species, CCAP 1052/1B, Phaeodactylum tricornutum.
II. EXPERIMENTAL

A. Instrumentation
Nanoscribe Photonic Professional GT 3-D printing system (Nanoscribe, Germany), Hitachi S-3400N scanning electron microscope (Hitachi, Ireland), 750T sputter coater (Quorum Technologies, UK), FTA200 Dynamic Contact Angle Analyser.
B. Chemical Reagents
IP-S (photoresist, Nanoscribe-provided), Dill glass substrates (25 x 25 mm 2 ; 0.7 mm thickness; soda lime, ITO-coated, Nanoscribe-provided), Propylene glycol monomethyl ether acetate (PGMEA, >99.5 %, Sigma Aldrich, Ireland), Novec 7000 Engineering Fluid (Methyl perfluoropropyl ether, Sigma Aldrich, Ireland), Heptane (95%, Sigma Aldrich, Ireland), Octadecyltrichlorosilane (OTS, >90%, Sigma Aldrich, Ireland), Polydimethylsiloxane (PDMS, Sylgard 184k, Dow Corning, Ireland), Glutaraldehyde 25% in H2O solution (Sigma Aldrich Ireland), Methanol (≥99.9%, Sigma Aldrich, Ireland), Phaeodactylum tricornutum (CCAP 1052/1B, SAMS Limited, Scotland, UK).
C. Characterization of S. rhombus topography
In characterization of the microtopography of S. rhombus, six different dimensions of micro ridges formed by the interruption of rings by ray-patterns were considered. These dimensions were measured using Image J software. The sample localization in the body of S. rhombus is represented by a sample code in Table IV . Each dimension was assigned to a letter, which is shown in Table V and average dimensions are calculated from a number of SEM micrographs from four different samples and from different scales. Samples were examined at tilt of 0° and 40-42°. Average, standard deviation and standard error were performed using descriptive statistic (Excel 2013).
D. 3-D Printing
The design constructed in SolidWorks was fabricated using the Nanoscribe Photonic Professional GT 3-D printing system (Nanoscribe, Gmbh). This 3D printing system has a 150mW femtosecond solid state laser which operates at a wavelength of 780 nm. The objective used in this process to focus the laser was a x25 Dip-in laser lithography (Dill) objective with a NA of 0.8. The negative-tone photoresist used in this process was IP-S. DeScribe software (Nanoscribe-provided) was used to transform the writing files from STL files created in SolidWorks 2017 to files that could be used with Nanowrite software (.gwl) (Nanoscribe-provided). This printer uses a direct laser writing process whereby polymer structures are formed by deflecting a laser beam into a photosensitive material using alternating X and Y laser scanning directions. Uncured photoresist was removed by placing structures in a solution of PGMEA (Propylene glycol monomethyl ether acetate, >99.5%) for 30 min followed by washing with Novec 7000 engineering fluid (methyl perfluoropropyl ether, Sigma, Ireland). Figure 1 below illustrates the design layout and dimensions based off characterization of S. rhombus. The dimensions of the designs can be found in Table I below. Table I above.
Dimensions (µm)
Biomimetic Antifouling Approaches
3-D MC
Feature length 75 75
Designed feature height 10 10
Spacing between features 10 -7 10 -7
3 E. Mould Casting The design used in this method was constructed in SolidWorks 2017 and fabricated using the Nanoscribe Photonic Professional GT 3-D printing system with negative-tone photoresist, IP-S as described previously in Section D. Figure 2 below illustrates the design of the 3-D printed template for use in replication of S. rhombus using a mould casting process. The 3-D printed texture was then vapour treated so that PDMS casting could be carried out. The part to be treated was placed in a vacuum chamber in a solution of 30 mL of hexane (95%, Sigma Aldrich) and 4.7 μL of OTS (Octadecyltrichlorosilane, >90%, Sigma Aldrich). The vacuum chamber was then pumped and left for 2 hr. The part was baked at 100°C for 30 min. Mould casting was carried out by casting a liquid Polydimethylsiloxane (PDMS, Sylgard 184k, 10:1) against the surface of the 3-D printed template after vapor treatment. The template and liquid PDMS was then solidified at 70 degrees Celsius for approx. 12 hours. The PDMS layer was then peeled off resulting in a positive structure of the original printed template. 
F. Characterization of textured surfaces
The software Image J was used to check the reproducibility of each of these replication methods to fabricate textured surfaces as originally designed (Table III) . Feature height, length and spacing was measured from five different locations for each of the replication methods using scanning electron micrographs. The coordinates of each individual feature were measured by means of a counting tool. Excel (2013) was used to subtract the coordinate points from each other to result in measurements for height, length and spacing. The mean, standard deviation and % RSD were calculated for each of the textured surfaces. Table II and III below display the results of Image J analysis for both replicated surfaces. Water contact angle. Contact angle measurements of the textured surfaces and smooth controls were taken on a FTA200 Dynamic Contact Angle Analyser (Figure 3) . Mean and standard deviation were calculated for each of the textured surfaces and smooth controls. G. Laboratory testing of textured surfaces Rapid testing was performed using a 10 mL culture suspension of Phaeodactylum tricornutum (CCAP 1052/1B, SAMS Limited). Cells were subcultured into fresh sterile media (f/2 + Si) and allowed to grow at room temperature (15-20°C) using fluorescent lighting (12: 12 hr, light: dark) and aeration pumps. Cells were filtered using a 45 µm steel gauze to reveal a suspension of mostly planktonic single cells and resuspended in filtered (0.45 µm) artificial seawater (Royal Nature, UK) to achieve a cell density of 3x10 6 cells per mL. Growth medium was replaced by artificial seawater to prevent cell division during the settlement assay. The textures were purged with N2 gas before immersion in cell suspension to remove air pockets. The textures were then immersed in the cell suspension for 3 hr in individual petri dishes. Colonization of textures was observed by fixing attached cells in a solution of 2.5 % glutaraldehyde salt solution (1:1 ratio, cell suspension: glutaraldehyde salt solution) followed by dehydration using methanol series 25 % -100 %. Each wash was left for 30 min. The cells were then left to dry for at least 2 hours at room temperature. Samples were gold coated and viewed at 20 kV.
III. RESULTS AND DISCUSSION
A. Characterization of microtopgraphy of S. rhombus
In characterization of the microtopography of S. rhombus, six different dimensions of micro ridges formed by the interruption of rings by ray-patterns were considered. All samples displayed shrinkage and visible disruption or erosion of analyzed epidermis. A scale is perceived as an oval plate lying in the pocket of the dermis of the fish skin, with its posterior part sticking out above the skin surface in the direction of fish tail. Scale is characterized by growth rings, which show the growth history of fish and are like rings observed in a fingerprint or cross section of a tree. Rings propagate spirally or concentrically from the lower central section of the scale, referred to as a focus and are observed as ridges called circuli [21] . These rings or circuli are interrupted by perpendicular rays scattering radially. That interruption forms individual features observed as separated micro-ridges and micro-grooves ( Figure 5) . Using Image J software, an enormous number of measurements of six dimensions of a scale basic micro-component circuli were taken to deliver overall representation of its shape.
A. Biofouling Assessment Diatoms are a unique group of unicellular protists that provide significant contribution to biofouling in all aquatic environments. Diatoms can occupy varying ecosystems or habitats and typically display two different life patterns; planktonic and benthic. Marine benthic diatoms adhere to any surface submerged in an aquatic environment including artificial surfaces, sand and rock [23] . They are best known for contributing to the process of microfouling [24] . Research on diatom adhesion in laboratory studies shows that a number of factors contribute to the interaction between adhering cells and surface topography of a surface including aspect ratio of surface features, wettability and the number of theoretical attachment points an adhering cell may contain [24] . Attachment point theory refers to the theory that fouling species that are larger than the textured surface -with fewer attachment points to a substrate will have reduced adhesion to a surface. On the other hand, organisms that are smaller than their surface topography features will have increased attachment points and therefore will bind to the substrate of interest [25] . In this study, Phaeodactylum tricornutum cells were used in 3 h static laboratory immersion tests to understand attachment patterns of diatom cells to microtextured surfaces replicated using 3-D printing and mould casting processes. (a) Effect of surface topography on 3-D printed surfaces Figure 3 displays the water contact angle results for each of the textured surfaces. The texture reproduced using a 3-D printing process displayed a WCA of 65.59° making it hydrophilic. Cell attachment to the 3-D printed texture was minimal indicating that surface texture did not play a role in cell attachment but rather the hydrophilicity of the surface causing decreased cell attachment. This adds to the many challenges in creating antifouling surfaces based on surface topography alone as the chemistry of the surface also plays a significant role in the surface having an antifouling capability. This study highlights the need for further study of hydrophilic biomimetic surfaces. Figure 6 below shows some SEM observations of 3D printed textured surfaces after 3 h static immersion testing. 
Letter
(b) Effect of surface topography on surfaces produced using a mould casting process
The aim of this study was to investigate diatom adhesion on microtextured surfaces after 3 h laboratory immersion testing investigating if diatom numbers would be higher in areas in which the number of attachment points were highest [25] . Microtextured surfaces were designed so that the spacing decreased (left to right) from 10 µm to 7 µm between features and spacing of 20 µm between each column. Figure 7 shows SEM observations of diatom species, Phaeodactylum tricornutum and cell aggregation on microtextured surfaces. After 3 h static immersion testing, it was noted that cells on microtextured surfaces created using a mould casting process showed increased cell adhesion. This may have been as a result of 'micro-refuges' and hydrodynamic force protection, as it has been noted previously that organisms smaller than the scale of their surface topography may have increased adhesion due to these factors [25] . It is also important to note, however, that model diatom species, Phaeodactylum tricornutum, can often be a complex diatom to use in laboratory assays. This stems from the fact that this species is widely noted for having three main morphotypes; fusiform, triradiate and oval [26] . The difference in morphologies within this diatom species occurs from changing environmental conditions [26] .
The factors include variance in culture conditions such as pH, salinity, temperature and media [26] . In the present study, two main morphotypes are observed; oval and triradiate. The oval form of this diatom species can be seen adhered to or between raised surface features in spacing of approx. 10 µm to 8 µm. On the other hand, the triradiate form of the species is observed with two of the mucilage pads adhering to the end of raised surface features while the another pad stabilizes its attachment by adhering to the smooth PDMS surface [23] . This settlement pattern is most likely caused by the ability of diatoms to locate and re-orientate their position on a surface to find one optimum for habitation [23] . In this case, Phaeodactylum tricornutum, may appear in both oval and triradiate morphologies depending on where they are positioned when firstly exposed to a substratum. Cells exposed to areas with raised surface features (75 µm x 10 µm) will most likely be occupied by cells of the form, 'triradiate' for habitat stabilization, colony formation, sessile adhesion and motility as is the function of EPS in diatom structure [23] . It is important to note that the replication process for mould casting created some deformations with the raised surface features with 7 µm spacing and so for this study, the data for the 7 µm spacing was not included.
The current study documents the many challenges in creating and testing microtextured surfaces. Such challenges include upscaling micro-textures for real-world applications such as on the hulls of boats and optical windows on sensors. This study also identifies challenges in laboratory testing of textured surfaces, as diatom species can often take on other morphologies to adhere to an optimum substratum. Further study into factors which affect morphologies of this diatom species and other fouling diatoms species is required.
